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Description 

WIDE FREQUENCY RANGE 
VOLTAGE-CONTROLLED OSCILLATORS 

Background of Invention 
[0001] 1. Technical Field 

[0002] The present invention relates to Voltage-Controlled Oscil- 
lators (VCOs), and more specifically, to VCOs that have 
wide operating frequency ranges. 

[0003] 2. Related Art 

[0004] A conventional Voltage-Controlled Oscillators (VCO) com- 
prises multiple delay cells electrically coupled in series 
and in a loop. More specifically, the outputs of the first 
delay cell of the VCO are electrically coupled to the inputs 
of the second delay cell. The outputs of the second delay 
cell are electrically coupled to the inputs of the third delay 
cell, and so on. Finally, the outputs of the last delay cell 
are electrically coupled to the inputs of the first delay cell 
so as to form the loop. The outputs of any one delay cell 



of the conventional VCO can be used as the outputs of the 
VCO. 

[0005] Each VCO has a specific operating frequency range. This 
means that the VCO can generate a stable signal with a 
frequency inside its operating frequency range. In other 
words, the VCO is not capable of generating a stable sig- 
nal with a frequency outside its operating frequency 
range. As a result, it is always desirable to design VCOs 
having wider operating frequency ranges. 

[0006] Therefore, a design of a novel VCO that has an operating 
frequency range relatively wider than that of conventional 
VOCs is needed. A method is also needed for operating 
the novel VCO. 
Summary of Invention 

[0007] The present invention provides a delay cell, comprising (a) 
a latch comprising a first circuit and a second circuit being 
cross-coupled together; (b) a first circuit logic gate and a 
first circuit capacitor both being electrically coupled to the 
first circuit such that the first circuit, the first circuit logic 
gate, and the first circuit capacitor being in series; and (c) 
a first input logic gate electrically coupled to an output of 
the first circuit, the first input logic gate is configured to 
switch states, and the first and second circuits are config- 



ured to switch states at time tl in response to tlie first in- 
put logic gate switcliing states at time t2, witli a delay 
time between tl and t2 depending on the voltage level of 
a gate terminal of the first circuit logic gate. 
[0008] jhe present invention also provides a method for operat- 
ing a delay cell, the method comprising the steps of (a) 
providing in the delay cell (i) a latch comprising a first cir- 
cuit and a second circuit being cross coupled together, (ii) 
a first circuit logic gate and a first circuit capacitor both 
being electrically coupled to the first circuit such that the 
first circuit, the first circuit logic gate, and the first circuit 
capacitor being in series, and (iii) a first input logic gate 
electrically coupled to an output of the first circuit; (b) 
switching states of the first input logic gate; and (c) 
switching states of the first and second circuits at time tl 
in response to the first input logic gate switching states at 
time t2, with a delay time between tl and t2 depending on 
the voltage level of a gate terminal of the first circuit logic 
gate. 

[0009] The present invention also provides a structure, compris- 
ing (a) a latch; (b) an input logic gate, electrically coupled 
to a first output of the latch; and (c) a first impedance cir- 
cuit electrically coupled to the latch such that the first 



impedance circuit and the latcli are in series, the first 
impedance circuit is configured to cliange its resistance in 
response to a control signal, and the latch is configured to 
switch states at time tl in response to the input logic gate 
switching states at time t2, with a delay time between tl 
and t2 depending on the resistance of the first impedance 
circuit. 

[0010] The present invention provides structures for a novel VCO 
(Voltage-Controlled Oscillator) that has an operating fre- 
quency range relatively wider than that of conventional 
VCRs. 

[0011] jhe present invention also provides methods for operat- 
ing the novel VCO. 
Brief Description of Drawings 

[0012] FIG. 1 illustrates a structure of a Voltage-Controlled Os- 
cillators (VCO) comprising three delay cells, in accordance 
with embodiments of the present invention. 

[0013] FIG. 2 illustrates one of the delay cells of FIG. 1, in accor- 
dance with embodiments of the present invention. 

[0014] FIG. 3 illustrates a structure of a VCO comprising six delay 
cells, in accordance with embodiments of the present in- 
vention. 

[0015] FIG. 4 illustrates one of the delay cells of FIG. 3, in accor- 



dance with embodiments of the present invention. 
Detailed Description 

[0016] FIG. 1 illustrates a structure of a Voltage-Controlled Os- 
cillators (VCO) 100 comprising three delay cells 110.1, 
110.2, and 110.3, in accordance with embodiments of the 
present invention. Illustratively, the delay cell 110.1 com- 
prises two input nodes Vinp.l and Vinn.l and two output 
nodes Voutp.l and Voutn.l. 

[0017] The delay cell 110.1 is electrically coupled to AVDD 

(supply voltage) and AGND (ground). The delay cell 110.1 
receives two control signals Vcntrll and Vcntrl2 which 
control the delay time of the delay cell 1 10. 1, as will be 
explained infra. In general, the delay time of a delay cell is 
the time it takes a signal to propagate from the inputs of 
the delay cell to its outputs. 

Similarly, the delay cell 110.2 has two input nodes Vinp.2 
and Vinn.2 and two output nodes Voutp.2 and Voutn.2. 
The delay cell 110.2 is electrically coupled to AVDD and 
AGND. The delay cell 110.1 receives two control signals 
Vcntrll and Vcntrl2 which control the delay time of the 
delay cell 110.2. 
[00^9] Similarly, the delay cell 110.3 has two input nodes Vinp.3 
and Vinn.3 and two output nodes Voutp.3 and Voutn.3. 



The delay cell 110.3 is electrically coupled to AVDD and 
AGND. The delay cell 110.3 receives two control signals 
Vcntrll and Vcntrl2 which control the delay time of the 
delay cell 110.3. 
[0020] In one embodiment, the output nodes Voutp.l and 

Voutn.l of the delay cell 110.1 is electrically coupled to 
the input nodes Vinp.2 and Vinn.2 of the delay cell 110.2, 
respectively. The output nodes Voutp.2 and Voutn.2 of 
the delay cell 110.2 is electrically coupled to the input 
nodes Vinp.3 and Vinn.3 of the delay cell 110.3, respec- 
tively. The output nodes Voutp.3 and Voutn.3 of the delay 
cell 110.3 is electrically coupled to the input nodes Vinp.l 
and Vinn.l of the delay cell 110.1, respectively, so as to 
form a loop. 

[0021] In one embodiment, the voltage levels on the two control 
signals Vcntrll and Vcntrl2 are adjusted so as to adjust 
the delay times of the delay cells 110.1, 110.2, and 110.3. 
As a result, the operating frequency of the VCO 100 is ad- 
justed accordingly. 

[0022] If the delay times of the delay cells 110.1, 110.2, and 

110.3 are increased, the operating frequency of the VCO 
100 is decreased. If the delay times of the delay cells 
110.1, 110.2, and 110.3 are decreased, the operating fre- 



quency of the VCO 100 is increased. As a result, wlien tlie 
delay times of tlie delay cells 110.1, 110.2, and 110.3 are 
adjusted to the maximum value, the VCO 100 operates at 
the minimum attainable frequency. When the delay times 
of the delay cells 110.1, 110.2, and 110.3 are adjusted to 
the minimum value, the VCO 100 operates at the maxi- 
mum attainable frequency. 
[0023] The use of two control signals Vcntrll and Vcntrl2 helps 
widen the delay range of each of the delay cells 110.1, 
110.2, and 110.3, compared with the delay range of a 
conventional delay cell. As a result, the VCO 100 has an 
operating frequency range relatively wider than that of 
conventional VCOs. Nodes A and B, which are electrically 
coupled to the output nodes Voutp.l and Voutn.l of the 
delay cell 110.1, can be used as output nodes for the VCO 
100. 

[0024] In one embodiment, initially, the nodes A and B are elec- 
trically connected to AVDD and AGND, respectively. Then, 
the nodes A and B are electrically disconnected from 
AVDD and AGND, respectively. In response, the VCO 100 
starts to operate at a frequency that depends on the delay 
time of each of the delay cells 110.1, 110.2, and 110.3. 
The delay time of each of the delay cells 110.1, 110.2, 



and 110.3 in turn depends on the voltage levels of the 
control signals Vcntrll and Vcntrl2. 

[0025] FIG. 2 illustrates the delay cell 110.1 of FIG. 1, in accor- 
dance with embodiments of the present invention. Illus- 
tratively, the delay cell 110.1 comprises N-channel tran- 
sistors Mia, M2a, M3a, and M4a, and P-channel transis- 
tors M5a, M6a, M7a, M8a, M9a, and MlOa. The delay cell 
110.1 also comprises capacitors C3a, C4a, C5a, and C6a. 

[0026] The transistors Mia and M7a are electrically coupled in 

series between AVDD and ACND. Pa is a common node of 
the transistors Mia and M7a. Similarly, the transistors 
M2a and M8a are electrically coupled in series between 
AVDD and AGND. Qa is a common node of the transistors 
M2a and M8a. 

[0027] The capacitor C3a and the transistors M3a and M9a are 

electrically coupled in series between AVDD and AGND. Xa 
is a common node of the transistors M3a and M9a. Simi- 
larly, the capacitor C4a and the transistors M4a and MlOa 
are electrically coupled in series between AVDD and 
AGND. Node Ya is a common node of the transistors M4a 
and MlOa. 

[0028] Node Xa is electrically coupled to the gate of the transistor 
MlOa and to the node Pa. Node Xa is also electrically cou- 



pled to the gate of the transistor M8a via the capacitor 
C6a and the transistor IS/l6a. Similarly, node Ya is electri- 
cally coupled to the gate of the transistor M9a and to the 
node Qa. Node Ya is also electrically coupled to the gate 
of the transistor M7a via the capacitor C5a and the tran- 
sistor M5a. 

[0029] In effect, transistors M9a and MlOa form a latch, with 
transistors M3a and M4a controlling the loading on the 
latch. Transistors M7a and M8a also form a latch that 
works in parallel with the latch formed by M9a,M10a. 
Transistors M6a and M5a are used to change the 
impedance in the gates of transistors M7a and M8a. 

[0030] In one embodiment, the gate (i.e., gate terminal) of the 

transistor Mia is used as the input node Vinp.l of the de- 
lay cell 110.1. The gate of the transistor M2a is used as 
the input node Vinn.l of the delay cell 110.1. The node Pa 
is used as the output node Voutp.l of the delay cell 
110.1. The node Qa is used as the output node Voutn.l of 
the delay cell 110.1. 

[0031] In one embodiment, the gates of the transistors M3a and 
M4a are electrically coupled to the control signal Vcntrll. 
By adjusting Vcntrll, the amount of capacitance loading 
on the latch M9a,M3a,M10a,M4a can be adjusted. In other 



words, by adjusting Vcntrll, loading on tlie nodes Xa and 
Ya are adjusted. Tlie gates of tlie transistors I\/I5a and I\/I6a 
are electrically coupled to the control signal Vcntrl2. 

[0032] jhe operation of the delay cell 110.1 can be described in 
short as follows (detailed description is in the example 
below). When Vcntrll is increased, the resistances of the 
transistors M3a and M4a are decreased. As a result, the 
loading on the nodes Xa and Ya is increased. Therefore, it 
takes more time for the nodes Xa and Ya to change states 
(i.e., from low to high, or from high to low). As a result, 
the delay time of the delay cell 110.1 is increased, and the 
operating frequency of the VCO 100 (FIG. 1) is decreased. 

[0033] When Vcntrl2 is decreased, resistance of the transistor 

M5a is decreased. As a result, the impedance of the com- 
bination of transistor M5a and capacitor C5a is decreased. 
Therefore, whenever node Xa is pulled up by transistor 
M9a, transistor M7a is turned on more to help pull node 
Xa up faster. This happens because node Ya is pulled 
down when node Xa is being pulled up, and since the 
impedance in the gate of M7a is reduced, the effect of Ya 
being pulled down turns on M7a sooner. As a result, the 
delay time of the delay cell 110.1 is reduced, and the op- 
erating frequency of the VCO 100 (FIG. 1) is increased. 



[0034] Similarly, when VcntrIZ is decreased, resistance of the 

transistor M6a is decreased. As a result, the impedance of 
the combination of transistor M6a and capacitor C6a is 
decreased. Therefore, whenever node Ya is pulled up by 
transistor MlOa, transistor M8a is turned on more to help 
pull node Ya up faster. This happens because node Xa is 
pulled down when node Ya is being pulled up, and since 
the impedance in the gate of M6a is reduced, the effect of 
Xa being pulled down turns on M8a sooner. As a result, 
the delay time of the delay cell 110.1 is reduced, and the 
operating frequency of the VCO 100 (FIG. 1) is increased. 

[0035] As an example of the operation of the delay cell 110.1, 
different situations are examined. For a situation Al, as- 
sume that initially node Vinp.l is at AVDD (high), node 
Vinn.l is at AGND (low), Vcntrll is low, and Vcntrl2 is 
high. 

[0036] vvith Vcntrll being low, transistors M3a and M4a have 

high resistances. With Vcntrl2 being high, transistors M5a 
and M6a have high resistances. 

[0037] Because node Vinp.l is high, the transistor Mia has low 
resistance and, therefore, node Voutp.l is low. Also, the 
nodes Xa and Pa are low. As a result, transistor MlOa has 
low resistance. 



[0038] Because node Vinn.l is low, the transistor M2a has liigli 

resistance. Witli I\/I10a liaving low resistance, the nodes Ya 
and Qa are pulled high. As a result, transistor M9a has 
high resistance. 

[0039] Assume now that node Vinp.l changes from high to low 
and node Vinn.l changes from low to high simultane- 
ously. The delay cell 110.1 is symmetrical, therefore, each 
element of the delay cell 110.1 will switch to the initial 
state of its symmetrical element. For instance, because 
transistors Mia and M2a are symmetrical elements of the 
delay cell 110.1, transistor Mia will switch to the initial 
state of transistor M2a (i.e., from having low resistance to 
having high resistance), and transistor M2a will switch to 
the initial state of transistor Mia (i.e., from having high 
resistance to having low resistance). 

[0040] Node Xa will switch from low to high (which is the initial 
state of its symmetrical element: node Ya). Similarly, node 
Ya will switch from high to low. In other words, while in- 
put node Vinp.l changes from high to low and input node 
Vinn.l changes from low to high simultaneously, output 
node Voutp.l changes from low to high and output node 
Voutn.l changes from high to low simultaneously with 
some delay. In other words, the inputs of the delay cell 



110.1 switching states causes the outputs of the delay cell 
110.1 to switch states after some delay. 

[0041] For a situation A2, assume that initially node Vinp.l is at 
AVDD (high), node Vinn.l is at AGND (low), Vcntrll is 
high, and Vcntrl2 is high. This assumption is the same as 
in situation Al except that Vcntrll is high instead of low. 
As a result, node Xa is low and node Ya is high as in situ- 
ation Al. However, with Vcntrll being high, both transis- 
tors M3a and M4a have low resistances. As a result, ca- 
pacitor C3a is discharged, and capacitor C4a is charged. 

[0042] Assume now that node Vinp.l changes from high to low 
and node Vinn.l changes from low to high simultane- 
ously. As a result, node Xa switches from low to high and 
node Ya switches from high to low as in situation Al. 
However, because it takes time to charge up capacitor 
C3a, it takes more time for node Xa to switch from low to 
high than in Situation Al. Similarly, because it takes time 
to discharge capacitor C4a, it takes more time for node Ya 
to switch from high to low than in Situation Al. In short, 
raising the voltage level of Vcntrll increases the delay 
time of the delay cell 110.1. 

[0043] For a situation A3, assume that initially node Vinp.l is at 
AVDD (high), node Vinn.l is at AGND (low), Vcntrll is low. 



and VcntrIZ is low. This assumption is the same as in situ- 
ation Al except tliat Vcntrl2 is low instead of high. As a 
result, node Xa is low and node Ya is high as in situation 
Al. However, with Vcntrl2 being low, both transistors M5a 
and M6a have low resistances (i.e., having low resis- 
tances). 

[0044] Assume now that node Vinp.l changes from high to low 
and node Vinn.l changes from low to high simultane- 
ously. As a result, node Xa switches from low to high and 
node Ya switches from high to low as in situation Al. 

[0045] vvith transistor M5a having low resistance, the gate volt- 
age of transistor M7a follows closely the voltage of node 
Ya. As a result, transistor M7a turns on faster than in situ- 
ation Al. Therefore, node Xa is pulled high faster than in 
situation Al. In effect, transistor M7a is a pull-up transis- 
tor. 

[0046] Similarly, with M6a having low resistance, the gate voltage 
of transistor M8a follows closely the voltage of node Xa. 
As a result, transistor M8a turns off faster than in situa- 
tion Al. Therefore, node Ya is pulled low faster than in 
situation Al. In effect, transistor M8a is a pull-up transis- 
tor. In short, lowering the voltage level of Vcntrl2 reduces 
the delay time of the delay cell 110.1. 



[0047] por a situation A4, assume tliat initially node Vinp.l is 
high, node Vinn.l is low, Vcntrll is high, and Vcntrl2 is 
low. This assumption is the same as in situation Al except 
that Vcntrll is high instead of low, and Vcntrl2 is low in- 
stead of high. As a result, node Xa is low and node Ya is 
high as in situation Al. 

[0048] With Vcntrll being high, both transistors M3a and M4a 

have low resistances. As a result, the loading on the nodes 
Xa and Xb is increased. 

[0049] With Vcntrl2 being low, both transistors M5a and M6a 

have low resistances (i.e., having low resistances). As a re- 
sult, the impedance of the combination of transistor M5a 
and capacitor C5a is decreased. Also, the impedance of 
the combination of transistor M6a and capacitor C6a is 
decreased. 

[0050] Assume now that node Vinp.l changes from high to low 
and node Vinn.l changes from low to high simultane- 
ously. As a result, node Xa switches from low to high and 
node Ya switches from high to low as in situation Al. 

[0051] On one hand, because the loading on the nodes Xa and Xb 
is increased, the delay time of the delay cell 110.1 is in- 
creased. On the other hand, because the impedance of the 
combination of transistor M5a and capacitor C5a is de- 



creased, whenever node Xa is pulled up by transistor M9a, 
transistor M7a is turned on faster to help pull node Xa up 
faster. Similarly, because the impedance of the combina- 
tion of transistor M6a and capacitor C6a is decreased, 
whenever node Ya is pulled up by transistor MlOa, tran- 
sistor M8a is turned on faster to help pull node Ya up 
faster. In other words, the delay time of the delay cell 
110.1 is decreased. In effect, raising Vcntrll and lowering 
Vcntrl2 have opposite effects. 
[0052] In summary, the use of the two control signals Vcntrll and 
Vcntrl2 helps expand the delay time of the delay cell 
110.1 to a new high (by pulling both Vcntrll and Vcntrl2 
high as in situation A2) and to a new low (by pulling both 
Vcntrll and Vcntrl2 low as in situation A3) compared with 
situation Al. 

[0053] In one embodiment, the delay cell 110.2 and 110.2 have a 
structure similar to that of the delay cell 110.1. As a re- 
sult, the operating frequency range of the VCO 100 can be 
expanded in both directions (low and high) using both the 
control signals Vcntrll and Vcntrl2. 

[0054] FIG. 3 illustrates a structure of a VCO 300 comprising six 
delay cells 310.1-310.6, in accordance with embodiments 
of the present invention. For simplicity, only three delay 



cells 310.1, 310.2, and 310.3 are shown. 

[0055] Illustratively, the delay cell 310.1 has four input nodes 
Vinlp.l, Vin2p.l, Vinln.l, and Vin2n.l, and two output 
nodes Voutx.l and Vouty.l. The delay cell 310.1 is elec- 
trically coupled to AVDD and AGND. The delay cell 310.1 
receives two control signals Vctrll and Vctrl2 which con- 
trol the delay time of the delay cell 310.1. Each of the de- 
lay cells 3 10.2-3 10.6 has a structure similar to that of the 
delay cell 310.1. 

[0056] In one embodiment, the output nodes Voutx.l and 

Vouty.l of the delay cell 310.1 are electrically coupled to 
the input nodes Vinlp.2 and Vinln.2 of the delay cell 
310.2, respectively. The output nodes Voutx.l and 
Vouty.l of the delay cell 310.1 are also electrically cou- 
pled to the input nodes Vin2p.3 and Vin2n.3 of the delay 
cell 310.2, respectively. 

[0057] Each of the delay cells 310.2-310.6 has connections simi- 
lar to those of the delay cell 310.1. As a result, the delay 
cells 310.1-310.6 are electrically coupled in series and in 
a loop. More specifically, the output nodes Voutx.5 and 
Vouty.5 of the delay cell 310.5 (not shown) are electrically 
coupled to the input nodes Vinlp.6 and Vinln.6 of the 
delay cell 310.6 (not shown), respectively. The output 



nodes Voutx.5 and Vouty.5 of the delay cell 310.5 are also 
electrically coupled to the input nodes VinZp.l and 
Vin2n.l of the delay cell 310.1, respectively. 

[0058] The output nodes Voutx.6 and Vouty.6 of the delay cell 
310.6 (not shown) are electrically coupled to the input 
nodes Vinlp.l and Vinln.l of the delay cell 310.1, re- 
spectively. The output nodes Voutx.6 and Vouty.6 of the 
delay cell 310.6 are also electrically coupled to the input 
nodes Vin2p.2 and Vin2n.2 of the delay cell 310.2, re- 
spectively, and so on. 

[0059] In one embodiment, the voltage levels on the two control 
signals Vctrll and Vctrl2 are adjusted so as to adjust the 
delay times of the delay cells 310.1-310.6. As a result, 
the operating frequency of the VCO 300 is adjusted ac- 
cordingly. 

[0060] If the delay times of the delay cells 310.1-310.6 are in- 
creased, the operating frequency of the VCO 300 is de- 
creased. If the delay times of the delay cells 310.1-310.6 
are decreased, the operating frequency of the VCO 300 is 
increased. As a result, when the delay times of the delay 
cells 310.1-310.6 are adjusted to the maximum value, the 
VCO 300 operates at the minimum attainable frequency. 
When the delay times of the delay cells 310.1-310.6 are 



adjusted to the minimum value, tlie VCO 300 operates at 
the maximum attainable frequency. 

[0061] The use of two control signals Vctrll and Vctrl2 helps 
widen the delay range of each of the delay cells 
310.1-310.6, compared with the delay range of a conven- 
tional delay cell. As a result, the VCO 300 has an operat- 
ing frequency range relatively wider than that of conven- 
tional VCOs. Nodes C and D, which are electrically coupled 
to the output nodes Voutx.l and Vouty.l of the delay cell 
310.1, can be used as output nodes for the VCO 300. 

[0062] In one embodiment, initially, the nodes C and D are elec- 
trically connected to AVDD and ACND, respectively. Then, 
the nodes C and D are electrically disconnected from 
AVDD and ACND, respectively. In response, the VCO 300 
starts to operate at a frequency that depends on the delay 
time of each of the delay cells 310.1-310.6. The delay 
time of each of the delay cells 310.1-310.6 in turn de- 
pends on the voltage levels of the control signals Vctrll 
and Vctrl2. 

[0063] FIG. 4 illustrates the delay cell 310.1 of FIG. 3, in accor- 
dance with embodiments of the present invention. Illus- 
tratively, the delay cell 310.1 comprises N-channel tran- 
sistors Mlb, M2b, M3b, and M4b, and P-channel transis- 



tors M5b, M6b, M7b, M8b, M9b, and MlOb. The delay cell 
310.1 also comprises capacitors C3b, C4b, C5b, and C6b. 
[0064] The structure and connections of the delay cell 310.1 are 
similar to that of the delay cell 110.1 (FIG. 2), except that 
(1) transistor M5b and capacitor C5b are electrically cou- 
pled in series between node Yb and node Xb instead of 
between node Yb and the gate of transistor M7b as in the 
delay cell 110.1, and (ii) transistor M6b and capacitor C6b 
are electrically coupled in series between node Xb and 
node Yb instead of between node Xb and the gate of tran- 
sistor IVI8b as in the delay cell 110.1. In effect, transistor 
M5b and capacitor C5b are electrically coupled in series 
between the two output nodes Voutx.l and Vouty.l of the 
delay circuit 310.1. Similarly, in effect, transistor M6b and 
capacitor C6b are also electrically coupled in series be- 
tween the two output nodes Voutx.l and Vouty.l of the 
delay circuit 310.1. In one embodiment, transistor M6b 
and capacitor C6b can be omitted from the delay cell 
310.1. 

[0065] As an example of the operation of the delay cell 310.1, 
different situations are examined. For a situation Bl, as- 
sume that initially nodes Vinlp.l and Vin2n.l are high, 
and nodes Vinln.l and Vin2p.l are low, Vctrll is low, and 



Vctrl2 is high. Situation Bl is similar to situation Al of the 
delay cell 110.1, therefore node Xb is low and node Yb is 
high. Therefore, initially, node Voutx.l is low and node 
Vouty.l is high. 

[0066] With Vctrll being low, transistors M3b and M4b have high 
resistances. Similarly, with Vctrl2 being high, transistors 
M5b and M6b have high resistances. Thus the loading on 
the latch M9b and MlOb is small, and the capacitance 
added between nodes Voutx.l and Vouty.l through M6b 
and M5b is small. 

[0067] Assume now that nodes Vinlp.l and Vin2n.l change from 
high to low, and nodes Vinln.l and Vin2p.l change from 
low to high. Similar to situation Al of FIG. 2, node Xb 
changes from low to high and node Yb changes from high 
to low. As a result, node Voutx.l changes from low to 
high, and node Vouty.l changes from high to low with 
some delay. In other words, the inputs of the delay cell 
310.1 switching states causes the outputs of the delay cell 
310.1 to switch states after some delay. The delay in this 
case is small because the capacitance added to the latch 
M9b,M10b is small, and also the capacitance added be- 
tween the output nodes is small. 

[0068] For a situation B2, assume that initially nodes Vinlp.l and 



Vin2n.l are high, and nodes Vinln.l and VinZp.l are low, 
Vctrll is high, and Vctrl2 is high. This assumption is the 
same as in situation Bl except that Vctrll is high instead 
of low. 

[0069] Situation B2 is similar to situation Bl; therefore, node Xb 
is low and node Yb is high. However, with Vctrll being 
high, both transistors M3b and M4b have low resistances. 
As a result, capacitor C3b is discharged, and capacitor 
C4b is charged. 

[0070] Assume now that nodes Vinlp.l and Vin2n.l change from 
high to low, and nodes Vinln.l and Vin2p.l change from 
low to high. Similar to situation Bl, node Xb changes from 
low to high and node Yb changes from high to low. 

[0071] However, because it takes time to charge up capacitor 

C3b, it takes more time for node Xb to switch from low to 
high than in Situation Bl. Similarly, because it takes time 
to discharge capacitor C4b, it takes more time for node 
Yb to switch from high to low than in Situation Bl. In 
short, raising Vctrll increases the delay time of the delay 
cell 310.1. 

[0072] For a situation B3, assume that initially nodes Vinlp.l and 
Vin2n.l are high, and nodes Vinln.l and Vin2p.l are low, 
Vctrll is low, and Vctrl2 is low. This assumption is the 



same as in situation Bl, except tliat VctrIZ is low instead 
of high. As a result, node Xb is low and node Yb is high as 
in situation Bl. However, with Vctrl2 being low, both tran- 
sistors M5b and M6b have low resistances (i.e., having low 
resistances). As a result, both capacitors C5b and C6b are 
charged. 

[0073] Assume now that nodes Vinlp.l and Vin2n.l change from 
high to low, and nodes Vinln.l and Vin2p.l change from 
low to high. Similar to situation Bl, node Xb changes from 
low to high and node Yb changes from high to low. How- 
ever, with transistors M5b and M6a having low resis- 
tances, when node Xb changes from low to high and node 
Yb changes from high to low, each of capacitors C5b and 
C6b is discharged and then recharged but with an oppo- 
site polarity. As a result, it takes more time for node Xb 
change from low to high and for node Yb to change from 
high to low than in situation Bl. In short, lowering Vctrl2 
also increases the delay time of the delay cell 310.1. 

[0074] For a situation B4, assume that initially nodes Vinlp.l and 
Vin2n.l are high, and nodes Vinln.l and Vin2p.l are low, 
Vctrll is high, and Vctrl2 is low. In this situation B4, the 
effects of situations B2 and B3 are combined so as to in- 
crease the delay time of the delay cell 310.1 more than in 



each of the situations B2 and B3. 

[0075] More specifically, on one hand, with Vctrll being high, the 
loading on the nodes Xb and Yb is increased, therefore, it 
takes more time for nodes Xb and Yb to switch states. In 
other words, raising Vctrll increases the delay time of the 
delay cell 310.1. On the other hand, with Vctrl2 being low, 
the capacitance loading on nodes Xb and Yb caused by 
capacitors C5b and C6b are increased even more, there- 
fore lowering Vctrl2 increases the delay time of the delay 
cell 310.1 even more. 

[0076] In summary, the use of the two control signals Vctrll and 
Vctrl2 helps expand the delay time of the delay cell 310.1 
to a new high (by pulling Vctrll high and pulling Vctrl2 
low as illustrated in situation B4 above) and a new low at- 
tained by pulling Vctrll low and Vctrl2 high as in situation 
Bl. 

[0077] In one embodiment, the delay cells 310.2-310.6 have a 
structure similar to that of the delay cell 310.1. As a re- 
sult, the operating frequency range of the VCO 300 can be 
expanded to a new lower bound and a new higher bound 
using both the control signals Vctrll and Vctrl2. 

[0078] In the embodiments described above, the VCO 100 has 
three delay cells 110. In general, the VCO 100 can have N 



delay cells 110, N is an integer not less than 3. 

[0079] In the embodiments described above, the VCO 300 has six 
delay cells 310. In general, the VCO 300 can have M delay 
cells 110, M is an integer not less than 3. 

[0080] In the embodiments described above, transistors are 
used. In general, any logic gates can be used. 

[0081] In one embodiment, with reference to FIG. 2, the control 
signal Vcntrl2 and its associated components comprising 
transistor IVI5b, capacitor C5b, transistor M6b, and capac- 
itor C6b can be omitted. Similarly, with reference to FIG. 
4, the control signal Vctrl2 and its associated components 
comprising transistors M7a, M5a, M8a, and M6a, and ca- 
pacitor C5a and C6a can be omitted. 

[0082] In the embodiments described above, all delay cells in the 
VCO 100 and 200 receive the same control signals. In 
general, each delay cell can receive its own separate con- 
trol signals. 

[0083] While particular embodiments of the present invention 
have been described herein for purposes of illustration, 
many modifications and changes will become apparent to 
those skilled in the art. Accordingly, the appended claims 
are intended to encompass all such modifications and 
changes as fall within the true spirit and scope of this in- 



vention. 



